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Measurements of the dependence of snow albedo on wavelength, zenith angle, grain size, impurity

ative transfer theory. Ice is very weakly absorptive in the visible (minimum absorption at X'= 0.46

\ il:cnt and cloud cover can be interpreted in terms of single-scattering and muluplc-scancnng

but has strong absorption bands in the near infrared (near IR). Snow albedo is therefore much

lower in the near IR. The near-IR solar irradiance thus plays an important role in snowmelt and in the

moderately sensitive to solar zenith angle. The visible albedo (for pure snow) is not sensitive to these
parameters but is instead affected by snowpack thickness and parts-per-million amounts (or less) of

)
Q energy balance at a snow surface. The near-IR albedo is very sensitive to snow grain size and

impurities. Grain size normally increases as the snow ages, causing a reduction in albedo. If the grain
size increases as a function of depth, the albedo may suffer more reduction in the visible or in the near
IR, depending on the rate of grain size increase. The presence of liquid water has little effect per se on

/ﬁsnow\o_&caslngzpcnies in the solar spectrum, in contrast to its enormous effect on microwave

\)JP emissivity

albedo is increased at all wavelengths as the solar zenith angle increases but is most

sensitive around, f Many apparently conflicting measurements of the zenith angle dependence
W to

documentation

interpret because of modeling error, instrument error, and inadequate
in size, surface roughness, and incident radiation spectrum. Cloud cover affects

snow albedo both by converting direct radiation into diffuse radiation and also by altzring the spectrai
/\k ~ /distﬁblmon of the m&auonéoﬁnmao«aﬁmmmvmwmmuw*—— —_—
ot albedo. Some measurements df spectral flux extinction in snow are difficult to reconcile with the
00 spectral albedo measurements. The bidirectional reflectance distribution function which apportions
nw the reflected solar radiation among the various reflection angles must be known in order to interpret
individual sate.lite measurements. It has been measured at the snow surface and at the top of the
atmosphere, but its dependence on wavelength, snow grain size, and surface roughness is still
unknown. Thernal infrared emissivity of snow is close to 100% but is a few percent lower at large
viewing ang'es than for overhead viewing. It is very insensitive to grain size, impurities, snow depth,
liquid water content, or density. Solar reflectance and microwave emissivity are both sensitive to
various of these snowpack parameters. However, none of these parameters can be uniguely
determined by satellite measurements at a single wavelength; a multichannel method is thus necessary

if they are to be determined by remote sensing.

CONTENTS
IntrodUCHON ... ...ttt it i i i it raeaaaaeas 67
DefinitionS «.oititii ittt e i riraeeaarens 68
Optical constants of iCe .....ocviiiiiiiiiiiniirinranannns 58
Measurements of reflection and transmission of light by snow 69
N 11 T P 69
Bidirectional reflectance ..........coiiieiiiiiiiiiinenn. 69
Flux eXtinction ......c.coeieviriienieennneecanensnencenn 69
Intensity eXtnction .......cccueiivirieneierernrneannan, 70
Modeling the optical properties of SBOW ......cvvnviaanens 70
Early two-streamimodels .........coiiiiiiiinniannnacnns 70
Single scattering by ice grains introduced ................. )
Wiscombe-Warrenmodel .........ccoiiiiiiiiiiiiaia.. 3
Choudhury-Changmodel .........ccooovvir tiiivinnnnnen 3
Neglected effects ....ooierneiiiiiieneeeneneniennnennn 73
Effect of snow grain sizeonalbedo ........coovviiiiiiannn, 74
The optically equivalent sphere ...........ooiiiiinianine, 75
Grain size increasing withdepth ........cocovivinennnnan. 78
SNOW denSitY . ..viitiiiiiitiiiire e e teraeaaaaaan 5
Effect of liquid water content ..........ccoveiiiinenanennns 5
Effect of impuritiesonsnow albedo ........ovviiiiiiiin. (A
L 75
VolcamiC @sh ....ooiiiiiiriiniieennennrntocareenernans Y
Transmission of light through snow ._...........ociiaenee, 8
Spectrally integrated flux extinction ........cccvivninneien 78
Spectral flux extinction .......ccoviiiiiisas feeereranees 78
Dependence of snow albedoonsunangle ..........ooeannees 79
Spectral snowalbedo ...ovcveiiiiiiiiiiiiiii i M
Spectrally integrated snow albedo d(go) --.oveviviiieinenn 80

! Now at Department of Atmospheric Sciences, University of
Washington, Seattle, Washington 98155,

Copyright © 1982 by the American Geoonjy'sical Union.

Paper nuinber 1R1505. 67

0034-6853/82/001R-1505$06.00

Spectrally integrated planctary albedo .................... 81
Effects of cloud coveron snowalbedo ..................... 82
Monochromaticalbedo .......coovviiiiiiiiiiiiiiaaia 82
Spectrally integrated albedo ................. ...l 2
Bidirectional reflectance of snow .......c.iiiiiiiiiiiin.n 82
Complete description (for satellite measurements) ......... 82
Azimuthally averaged bidirectional reflectance (for flux
P [QT1EXIT 1 ) I N . 83
Thermal infrared emission from sOW ......cccvvenvenennnas 84
EmMissiVIlY ..vviieinennenneeeanrarnncesesnnarnsnnannns 84
Brightness temperature . ......ccvveinrererennnrncacanans 85
Remote sensing of SOW .....iviriiiiiinnriieniennrsenes 85
Snowpack properties from albedo measurements ........... 85
Srow cloud discriminator (1.6 um) ... ..ovnvinininnanens 86
Thermal infrared .......coiiimiiiiiiiiiiiineniarnnananss 86
Summary of snow parameters detectable in solar, infrared,
and mMiCrOWave SPECHA .. ...euiuinenrniinernncananss 86
Recommendations for modeling and exg :rimental work ...... 87

A. INTRODUCTION

An understanding of the reflection, absorption, and trans-
mission of light by snow is important for two general
applications. The first is the calculation of the radiation
budget of snowpacks and the planetary radiation budget over
snow-covered surfaces. This is important both for hydrolo-
gy, because radiation is usually the dominant component in
the surface energy budget of snow, and for global climate
modeling. The second application js for planning the remote
sensing of snowpack properties. This requires modeling of
the optical properties at high spectral detail.

Considerable progress has recently been made in under-
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standing the optical propeities of snow in the solar and
infrared regions of the spectrum. The most recent 1eview
article was that of Mellor [1977]. However, the modeling
papers of Wiscombe and Warren [1980a) (hereafter WWI)
and Warren and Wiscombe {1980} (hereafter WWII) included
considerable review material. They reviewed earlier theore1-
ical models, snow albedo observations, and the complex
index of refraction of ice and reviewed (where necessary to
compare with model results) observations of the dependence
of snow albedo on wavelength, grain size or age, liquid water
content, solar zenith angle, cloud cover, snowpack thick-
ness, and snow density.

This article gives a mcre thorough review of observations
and modeling than did WWI, treats flux extinction and
bidirectional reflectance as well a< albedo, but especially
reviews the considera)le work done since WWI and WWII
were written, pointing out topics for further rescarch where
theories and observat ons are lacking or in conflict.

This rcview of optical properties is limited to the parts of
the electromagnetic spectrum which are important for deter-
mining the climatic role of snow and for affecting snowmelt.
These are the solar (0.3 < A < 5 um) and thermal infrared (5
=< A = 40 um) wavelengths. (Radiation of wavelength shorter
than 0.3 um is absorbed in the upper atmosphere and does
not reach the surface.) Other parts of the spectrum (micro-
waves) will be mentioned only for the purpose of contrastive
analysis in the discussion of the far-field assumption in
scattering theory and in the discussion of remote sensing.

B. DEFINITIONS

Definitions for reflectance are given by Siegel and Howell
(1972, pp. 47-88] and by Nicodemus et al. [1977].

The refiected radiation is not perfectly diffuse bu: is
unevenly distributed among the reflection angles 2ccording
to ta~ bidirectional refleciance distribution function
(BRDF). This function R has units st™%: )

dne’, ¢', »)
#odF (6o, o, N)

where (6, ¢y) is the incident (zenith, azimuth) angle, uo =
cos 6y, (¢, ¢") the reflection angle, A the wavelength, F the
incident flux (on a surface normal to the beam), and 7 the
reflected intensity. Unless the surface has azimuthally de-
pendeat surface features, such as the sastrugi oriented with
their long axes parallel to the prevailing wind at the south
pole [Carroll and Fitch, 1981}, the dependence of R on both
¢o and ¢’ reduces to a dependence only on the relative
azimuth ¢y — ¢'.

The albedo a, is the *spectral directional-hemispherical
reflectance’; it is the integral of R over all reflection angles:

R(6o, &', v, &', N) =

2%
a6y, \) = I wdp L R(6, &, ¢', N) d¢’

0
More simply stated, the albedo is just the upflux divided by
the downflux at a particular wavelength, usually measured
just above the snow surface.

The albedo for hemispherically isotropic incident radiation
is the diffuse albedo a:
1

afN) =2 I Hoas(po, A) dpto

0
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In general, the albedo depends on the distribution of incident
radiation with angle. .

The spectrally integrated albedo is what is measuregdby
unfiltered radiometers:

fa (85, NF } €0, \) d\
JEL O, N dr

where F | (0, A) is the spectral downflux of solar radiation at
the surface. The value of 4 thus depends not only on the
snow properties and on the sun angle but also on the
atmospheric composition (water vapor content, cloud thick-
ness, etc.), which affects the spectral distribution of the
sunlight. ’

1t is often convenient to normalize the bidirectional reflec-
tance relative to the albedo. Thus in Figure 14 below is
plotted not R but rather the anisotropic reflectance function

f

a(6) =

6o, &, " ~ o) = 7R(6y, 6, &' — d)lafby) (1)

The spectral emissivity (8, A) depends on emission angle
@ and is equal to the absorptivity or the coalbedo {1 — a (6,
M) by Kirchhoff's law [Siegel and Howe:l, 1972},

Deep in a homogeneous snowpack (uniform density and
grain size distribution and far from any boundaries) the
spectral flux F | () is attenuated approximately exponen-
tially:

FL(\ z+A2)=Fl(, g)e”
where «,()\) is the flux extinction coefficient:

dinFla) _ _—1 dFlN)
dz Fly  dz

xs~! is often reported in units of geometric depth, but it is
better vxpressed in units of liquid equivalent depth in order
to avoid effects of snow density variation.

The iinportant quantities for calculating snowmelt are the
surface albedo and emissivity. The important quantities for
the earth radiation budget are the planetary albedo and the 8-
to 12-pm window en issivity. None of these are measured by
narrow field of view satellites, which instead measure the
planetary bidirectional reflectance R over a particular wave-
length band. This can be converted to planetary albedo for
the same wavelength band if the anisotropic reflectance
function f is known. Further conversion to a surface albedo
requires knowledge of the atmospheric vertical structure.

Other symbols used in the paper are as follows:

&) =

glx, m) single-scattering asymmetry parameter;
x{\) absorption coefficient of pure, bubble-free,
polycrystalline ice;
x,(A) flux extinction coefficient for snow;
m(\) = m,(\) — im;(A) complex refractive index of ice;
Qexi(x, m)  single-scattering extinction efficiency;

r snow grain radius;

x size parameter. equal to 27r/A;
P snow density;

@ single-scattering albedo.

C. OpmicaL CONSTANTS OF ICE

Theoretical models of the optical properties of snow
require as input the laboratory measurements of the refrac-
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tive index m,. and absorption coefficient x; of pure ice as
fugctions of wavelength. They are combined as the complex
ind¢x of refraction m = m,. — im;,,, where x; = 4mmy,/A.

Of particular importance for solar albedo calculations arc
the recent measurements of x{A), 0.4 um = A = 1.4 um, by
Grenfell and Perovich {1981). The absorption coefficient is
so small in the visible wavelengths that, to measure it
accurately, blocks of bubble-free ice as long as 2.8 m had to
be grown in order to obtain sufficient light attenuation.

For 1.4 = A\ = 2.8 um we recommend the values of m()A)
compiled by WWI, and for 2.8 < A < 33 um we recommend
the measuiements by Schaaf and Williams {1973). The
optical constants of ice from 45-nm to 8.6-m wavelength are
reviewed by S. G. Warren (unpublished manuscript, 1981).

D. MEASUREMENTS OF REFLECTION AND TRANSMISSION
OF Li1GHT BY SNOW

1. Albedo

All-wave albedo has been routinely measured on polar
expeditions for many years. Time series of albedo show high
all-wave albedos (75-90%) in late winter and early spring,
dropping as snowmelt begins to about 60%. Such time series
have been reported for Greenland by Ambach {1963} and
Diamond and G rdel {1956}; for Barrow (Alaska) by Maykut
and Church (1973); for McCall Glacier (Brooks Range,
Alaska) by Wendler and Weller [1974]; for McGill Ice Cap
(Canada) by Havens [1964}; and for snow-covered sea ice in
the Antarctic by Weller [1968] and in the Arctic by Langle-
ben {1971}, Summaries of monthly average or seasonal
average all-wave albedos have been reported for Antarctic
stations by W. Schwerdtfeger {1970, p. 258] and for drifting
ice islands in the Arctic by Chernigovskii [1963, p. 269]. For
the Antarctic Plateau, where snow never melts, Schwerdt-
feger found that ‘a useful value of 0.8 as the lower limit of
surface albedo appears to be certain.’

Apart from these routine measurements, problem-directed
research has sought to identify the factors influencing snow
albedo. The albedo of both dry snow and melting snow is
normally found to increase as solar zenith angle increases, as
measured by Hubley [1955), Liljequist [1956), Rusin [1961],
Brvazgin and Koptev (1969}, Korff et al. [1974}, and Carroll
and Fitch [1981). These measurements are examined in
section J2 below. Some workers, however, found the oppo-
site trend. Havens [1964] reported highest albedos at mid-
day, as did Kondratiev et al. {1964].

Cloud cover affects both the spectral distribution of irradi-
ance and the effective incident zenith angle. It normally
causes an increase in all-wave snow albedo. An increase of
5-10% relative to clear-sky albedo was found by Liljequist
[1956] and 11% by Weller [1968], both on the Antarctic
coast, and 5-7% by Hanson [1960] at the south pole.
However, Carroll and Fitch [1981] have now found cloud
cover to reduce albedo at the south pole; this can be
attributed to the unusually steep dependence of albedo on
zenith angle which they find, described in section J2 below.
Grenfell et al. [1981; found snow albedo to increase with
cloud optical thickness at a mid-latitude site.

The effect of snow thickness on the albedo of a thin
snowpack over a black surface was investigated by Giddings
and LaChapelle [1961] for monochromatic light at A = 0.59
pm. They found the snow albedo to reach within 3% of its
asymptotic value at a depth of ® =»m diquid equivalent), as

did O’Neill and Gray [1973] for broadband-filtered sunlight,
0.3-1.1 um. However, Warren and Wiscombe {1980, p.
2742} think that these snow samples were probably some-
what contaminated and that pure snow would require 4 times
this thickness to reach within 3% of the semi-infinite albedo.

The reduction of albedo due to snow aging has been
documented for visible wavelcngths by Holmgren {1971} and
Grenfell and Maykut (1977} and for the near IR by O’Brien
and Munis [1975). Grenfell et al. [1981] studicd the progress
of spectral albedo changes (0.4 = A =< 2.5 um) due to snow
aging.

Spectrally detailed measurements are necessary for an
understanding of the physical processes affecting snow albe-
do. Many of these measurements were reviewed by WWI
and WWII. The most accurate measurements are probably
the following. Albedo measurements in four spectral bands
for clean Antarctic snow were made by Liljequist [1956).
High spectral resolution albedo measurements were report-
ed for 0.4 < X =< 1.0 um on the Arctic Ocean by Grenfell and
Maykut {1977), for 0.4 < \ < 1.5 um at South Pole Station by
Kuhn and Siogas {1978}, for 0.4 < A = 2.5 um in the Cascade
Mountains by Grenfell et al. [1981], and for 0.34 = A = 1.1
um on the Great Lakes by Bolsenga [1981).

Grenfell and his colleagues have developed a portable (16
kg) scanning spectrophotometer for field measurements. The
instrument described by Rouler et al. [1974] was useful for
0.4 = A = 1.0 um; it has been improved by Grenfell [1981]
with the use of a circular variable "nterference filter for A <
1.375 um (resolution A\ =< 0.03 um) and fixed wavelength
filters to extend the wavelength range cut to 2.45 um (A\ =
9.1 pm).

2. Bidirectional Reflectance

The bidirectional reflectance measurements of O’Brien
and Munis {1975] were designed principally to investigate
the spectral dependence of reflectance for 0.6 =< A < 2.5 pm;
only a narrow range of incidence and detector angles was
employed. Although they are not albedo measurements,
they were used as proxy evidence for near-IR spectral
albedo and its dependence on snow age by the albedo-
modeling efforts of Choudhury and Chang {1979a, b) and
Wiscombe and Warren [1980a].

Measurements of spectrally integrated bidirectional reflec-
tance over a large range of angles were made by Dirmhirn
and Eaton [1975]. Measurements over a restricted range of
angles but for a variety of snow types were reporied by
Middleton and Mungall [7952]. Section L below reviews
these as well as the aircraft measurements of Griggs and
Marggraf [1967] and Salomonson and Marlatt [1968a, b).
The dependence of the BRDF on wavelength, grain size, and
surface irregularity has not been adequately studied either
experimentally or theoretically.

3. Flux Extinction

The monochromatic flux extinction coefficient x,(A) de-
creases rapidly with depth near the surface where a signifi-
cant fraction of the upwelling radiation escapes the snow-
pack. Below a few centimeters depth the effect of the top
boundary is no longer noticeabls, and one measures an
‘asymptotic’ monochromatic flux extinction coefficient
which is independent of depth for a homogeneous snowpack.
The asymptotic flux extinction coefficient has been mea-
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TABLE 1. Modcls for the Optical Properties of Snow

Grair Wavelength Anisotropic

Input Size Dependence Scattering  Sun Angle  Thin Snow
Reference Parameters  Enters Examined Considered Dependence Treated Comments
Dunkle and Bevons t,m as¢ yes yes for diffuse incidence and high
{1956} albedo
Giddings and LaChapelle [, my, as | yes for diffuse incidence and high
{1961} albedo
Barkstrom [1972) ®,0 yes must be tuned
Barkstrom and Querfeld @, 8, b6y yes yes yes yes unrealistic g
[1975)
Bohren and Barkstrom rom yes yes for diffuse incidence and
(1974) high albedo
Berger (1979} m, p, yes yes yes for high infrared emissivity
Choudhury and Chang rom,B yes yes yes yes for diffuse incidence and
{1979a, b} albedo =0.1
Wiscombe and Warren r,m, 6 yes yes yes yes yes used in this paper
[1980a)
Choudhury and Chang r,m, 6, s yes yes yes yes *surface reflection’ included

{1981}

Symbols used are as follows: g, single-scattering asymmetry parameter; /, photon mean path length through ice; m = m,. — im,,,,, complex
index of refraction of ice; r, snow grain radius; s2, variance of surface facet slopes; ¢, ice lamina thickness; B, single-scattering backscattered
fraction; &, solar zenith angle; p,, snow density; and &, single-scattering albedo.

sured as a function of wavelength by Liljequist {1956] and
with better spectral resolution by Grenfell and Maykut
{1977] and Kuhn and Siogas {1978]. These relatively mono-
chromatic measurements are better suited to testing theoreti-
cal models than are all-wave extinction measurements and
are discussed below in section 12.

Only a few such monochromatic measurements of flux
extinction have been reported. Far more commonly mea-
sured is the attenuation of all-wave solar radiation in snow,
which has been reported by (among others) Ambachk and
Habicht [1962), Ambach [1963]), Weller [1969], and
Schwerdtfeger and Weller [1977}. A number of other mea-
surements were reviewed by Mellor [19771, who also clearly
explained intuitively the fact that «, decreases as grain size
increases. Unlike the monochromatic x,(A) the all-wave «;
does not quickly reach an asymptote. It decreases with
depth beczuse of the changing spectral composition of
sunlight with depth. At great depth, where all but the blue
light is filtered out by the snow, , will reach the asymptotic
value corresponding to A = 0.46 um.

4. Intensity Extinction

The extinction and scattering of a directed beam of
monochromatic radiation as a function of angle and depth in
the snowpack has been studied by Ambach and his co-
workers f[e.g., On, 1974]. These measurements could be
useful for testing future models which may attempt to
calculate intensities as well as fluxes within the snowpack.

E. MODELING THE OPTICAL PROPERTIES OF SNOW

Modeling of the reflection and transmission of light by
snow has nearly a 30-year history. A rather oversimplifi~d
summary is given in Table 1. The early models of Dunkle and
Bevans [1956] (hereafter DB) und Giddings and LaChapelle
{1961} did not explicitly compute scattering by individual ice
grains but set up a two-stream radiative transfer framework
which required two input parameters. These two parameters
can be loosely related to an effective grain size and an
absorption coefficient, but they are normally found by fitting

experimental data. Because these models are computational-
ly simple, they have been used extensively for fitting atbedo
and flux extinction data {e.g., Weller, 1969; P. Schwerdt-
feger, 1969; Bergen, 1970, 1971, 1975; Schlatter, 1972;
O'Neill and Gray, 1973]. However, they are not generally
applicable outside 'the wavelength range where they are
tuned.

The application of modern radiative transfer theory to
snow was pionecred by Barkstrom and Bohren, who started
with the single scattering by individual ice sphere and used a
number of approximations to relate these to observable
quantities. Bohren and Barkstrom [1974) (hereafter BB)
obtained very simple equations which (as shown below) are
applicable only for the visible wavelengths. Choudhury and
Chang [1979a] also started with single scattering by ice
particles and used a two-stream method for radiative trans-
fer. They did not attempt to derive simple parameterizations
as had BB. Their model is applicable over a wider wave-
length range than is BB’s and is more accurate than the
model of DB.

The most accurate model now available for computing
radiant fluxes in snow (short of a much more costly doubling
or discrete ordinates method) is the delta-Eddington/Mie
theory model used by WWI. Although we sometimes use it
in this section as a benchmark to criticize other models, one
should keep in mind that the WW1 model still has shortcom-
ings, which are discussed in later sections of this paper: it
neglects effects due to close packing (which restricts its
validity to A = 20 pm) and nonsphericity of snow grains
(which may cause errors at very large solar zenith angles 6,
— 90°), and it calculates only fluxes, not intensities, so it
says nothing about the BRDF. However, it has proven very
useful in explaining quantitatively the influence of snow
parameters and environmental parameters on spectral albe-
do.

1. Early Two-Stream Models

Dunkle and Bevans modeled the snowpack as a stack of
horizontal ice layers. They calculated the Fresnel reflection
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at normal incidence on each layer, as well as the absorption
of light passing vertically through the layer according to
Sauberer's {1950) measurements of «;. Given these reflection
and absorption coefficients, as a function of wavelength,
they used the Schuster two-stream method to examine the
dependence of albedo on the thickness of the ice layers. In
Figure 1 we reproduce Figure 3 of DB together with the more
accurate calculations of the Wiscombe-Warren model, as-
suming that DB’s layer thickness represents the snow grain
diameter. The DB model gives tuie correct qualitative behav-
ior of adr, A\), showing the decrease of albedo due to
increased grain size as the snow ages, as well as the frct that
albedo is iower in the near IR than in the visible. However,
there are substantial errors. ‘These errors are due to treating
the ice as sheets rather than as particles, the assumption of
normal incidence Fresnel reflectivity, and the use of two-
stream theory (An additional small part of the discrepancy is
due to the WWI model's use in Figure 1 of the new
measurements of m;,, by Grenfell and Perovich [1981].)

DB gave formulas for both albedo and transmittance for
both thin snow and semi-infinite snow. Although they ob-
tained their absorption and reflection coefficients frcm labo-
ratory mesurements on pure ice, later users of their model
have treated these coefficients as twe adjustable parameters
to be fit to field observations of snow.

Giddings and LaChapelle [1961] (hereafter GL) used a
diffusion mode! which, like DB's, also employs two adjust-
able parameters, a diffusion coefficient and an absorption
coefficient. The GL model is actually equivalent ic the DB
model, because the diffusion approximation is a form uf two-
stream approximation. (Recently, both Meador and Weaver
[1980] and Zdunkowski et al. [1980] have shown that all two-
stream approximations are equivalent and can be put into a
common framework.) The diffusion coefficient was related
to a length ! which is the average distance a photon travels
through ice between air-ice interfaces, so it is interpreted as
the effective grain diameter. GL estimated that the simple
diffusion model was accurate if there were a large number of
scatterings before the absorption of a photon, that is, if as =
0.8. Correcting for ‘nomdiffusencss’ (taking into account the
nonunit ratio of downflux to upflux, F1/Fl < 1) was
thought to cxiend the validity of the medel down to albedo as
low as 0.5.

8010 T T T T
8 L £. === Dunkie & Bevors (1956) |
§ R ™, —— Wiscomba 8 Worren (1980}

- \ . A -

LN R \
a | ‘\ \, “‘.
LYt Y

lg' 3 o “\‘ V‘ - -
‘t: ! raRSum |
= \\\

a+ ~ -
w
od
z 2250 m i
2 2 -
F 2125um
- \
4 . L AR S ETN

. O
N

5 ; [T] 4 s 22 26
WAVELENGTH (um)

Fig. 1. Model calculations of semi-infinit: diffuse albedo as a
function of wavelength for various snow grain radii. Dashed lines
are calculations by Dunkle and Bevans [1956, Figure 3]. Solid lines
are calculations using the model of WWI, with the new m,,, (\)
measured by Grenfell and Perovich [1981).
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For small absorption (large albedo), equations 13 and 21 of
GL imply that 1 — a, « r'?, a result also obtained later by
Bohren and Barkstrom [1974).

GL made measureinents of albedo and transmission of
thin snow over a black background for monochromatic light
(A = 0.59 um) to determine the two frec parameters in the
diffusion model. They found the zame two parameters to fit
both the albedo data and the transmission data. However,
the value of ! obtained was 20 times the grain radius
estimated by eye, ! = 20r, wnereas it should be [/ = 2r
according to the interpretation of [ as grain diameter,

GL also analyzed the disti “bance of the radiation field due
to a radiometer inserted into the snow. The instrument
measures less downflux than would be present in the undis-
turbed snow because it is blocking some of the upflux that
otherwise could be scattered back down. This is one of the
reasons why transmission measurements are more difficult
than albedo measurements.

2. Single-Scatterirg by Ice Grains Introduced

The scattering and absorption of radiation by a single ice
particle are described by three quantities:

1. Extinction efficiency Q. is the ratio of the extinction
cross section to the geometric cross section. For large
particles (r >> ), Q. is close to its geometric optics limit of
2.

2. Single-scattering albedo & is the ratio of scattering
efficiency to extinction efficiency. It is the probability that a
photon intercepted by a particle will be scattered rather than
absorbed.

3. Phase function P(£},, ;), when multiplied by @, gives
the probability that a photon incident from angle ; = (8,
&) will be scattered into angle (1, = (8,, ¢»). For a spherical
particle, P is a function only of the cosine of the scattering
angle Q. - ;. The complete phase function is needed for
computing intensity, but for computing fluxes normally only
a single measure of the anisotropy of P is needed, commonly
the asymmetry parameter g, which is the mean value of
Q; - 4, or the backscattered fraction B [Wiscombe and
Grams, 1976; Zdunkowski et al., 1980].

Both @ and g are dimensionless with ranges 0 = o < [ and
-1 = g = 1; g = 0 comresponds to isotropic scattering, and g
= 1 to completely forward directed scattering.

Barkstrom [1972] assumed the snowpack to be semi-
infinite, grey, and isotropically scattering. He introduced a
zenith angle dependence by solving the radiative transfer
equation for intensity. This was then integrated to get flux in
terms of the X functions of radiative transfer. He calculated
that albedo would increase with zenith angle in approximate
agreement with measurements of Rusin [1961] and Liljequist
{1956}. He also showed that the (monochromatic) flux should
decrease faster than exponentially at the surface but at great
depth should decrease exponentially, dF { /dz = —«x,F,
with «, independent of solar zenith angle.

The first consideration of the anisotropic scattering by ice
grains was that of Barkstrom and Querfeld [1975], who
attempted to explain the bidirectional reflectance measure-
ments of snow by Middleton and Mungall [1952). Barkstrom
and Querfeld used the adding-doubling method for radiative
transfer. However, in order to match Middleton and Mun-
gall’s measurements they required quite unrealistic values of
asymmetry parameter (g = 0.5, corresponding tor = 0.1 um,

B 'm' ) JW Mﬁw % oy N WWWWWWE o




T A TR T ATY TP bt TR LR 1AL P2

I
"

s AT

whereas g = 0.9 for a realistic grain size r > 50 pum).

Bohren and Barkstrom [1974] used geometrical optics in
the limit of small absorption to calculate the scattering by
individual ice spheres. They obtained g = 0.874, close to the
asymmetry parameter found in exact Mie calculations for a
wide range of particle sizes (g = 0.89 for A < 1 um in Figure
4 of WWI). The geometrical optics calculation also showed
that the scattered light was due mostly to refraction rather
than reflection.

BB made a number of approximations which used the
assumption that k7 << 1, which means that their results
apply only to the visible wavelengths. They obtained simple
formulas for albedo under isotropic illumination,

as= 1 -8.43(xkn'"? ¥))
and for asymptotic flux extinction coefficient,
ks = 0.65(kr)'? 3)

where depth is measured as liquid-equivalent depth. Ncither
(2) nor (3) involves snow density. (BB’s formula did show «,
to be proportional to snow density, but this dependence
disappears if we measure depth as liquid-equivalent depth.
We do this in order to investigate possible near-field effects
which are ignored in all published models and which would
introduce a density dependence into (2) and (3), as discussed
in section ES below.)

Figures 2 and 3 compare equations (2) and (3) with the
more accurate results of WWI for several wavelengths.
Figure 2 shows that the albedo is indeed proportional to r'
for A < 0.8 um. Accordingly, BB found good agreement of
(2) with Lilequist’s [1956] observations of high visible
albedo (ay = 0.96) using Liljequist’s measured grain size r
= 15, pm; this is the wavelength region where (2) is
applicable. However, (2) becomes useless as ice becomes
more absorptive in the near IR. At A = 1.3 um, for example,
(2) predicts negative albedos for r > 110 um. Figure 3 shows
that the flux extinction formula (3) is better behaved than the
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Fig. 2. Diffuse albedo versus square root of grain radius for six
discrete wavelengths. Solid lines are calculated using WWI model.
Dashed lines are calculated using equation (42) of Bohkren and
Barkstrom [1974}.
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Fig. 3. Asymptotic flux extinction coefficient «, versus (1/r)"?
for three discrete wavelengths. Solid lines are calculated using WWI
model. Dashed lines are calculated using equation (37) of Bohren
and Barkstrom [1974].

albedo formula. The results of the WWI model show that «,
« r~12 as (3) predicts, but that the WWI model increasingly
deviates from (3) as x{)) increases (x{1.5) > x(1.8) > x{1.3
pm)). it may be that snow albedo and flux extinction can be
parameterized by simple formulas like (2) and (3), but more
work is needed to develop parameterizations that are appli-
cable over wider wavelength ranges.

Berger (1979] adapted the Bohren-Barkstrom theory for
the limit of large absorption, assuming that any photon
entering an ice sphere is absorbed by it. This assumption
makes the ontical properties independent of grain size.
Berger’s interest was to model the infrared emissivity of
snow, and his large-absorption approximation is reasonable
for r > 100 um in the thermal infrared, as we show below in
section M1. Berger found the emissivity € to derend on snow
density p,, with £ increasing as p, decreases, owing to the
reduced average angle of incidence on spheres in a regular
array. This may be unrealistic, because the derivation de-
pends on the particular spherical shape of ice grains and on
the assumption that they are in a regular array. However,
Berger found the dependence of ¢ on p, to be weak (Figure
17 below).

The next experimental advances which stimulated further
modeling were the spectral bidirectional reflectance mea-
surements of O'Brien and Munis [1975). Choudhury and
Chang [1979a, b) (hereafter CCa and CCb) used the Sagan-
Pollack two-stream model, which was rather good at all
wavelengths, and they obtained tolerable agreement with
O’Brien and Munis’ measurements (uncorrected for the
reflectance of the BaSO, standard). In contrast to the models
of DB, GL, and BB, none of which were applicable for a4y <
0.5, the Choudhury-Chang model became inaccurate only
for a; = 0.1 (compare Figure 4 of CCa with Figure 1 of CCb).
In their two-stream model, CC assumed a backscatter frac-
tion (7.5%) independent of wavelength, using single-scatter-
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ing albedo calculated from r and m,,, by means of a param-
cterization due to Sagan and Pollack [1967): & = § + § exp
{—~bhkr), where b is un adjustable parameter taken as b = 1.67
by CCa and as b = 2.0 by CCb. These approximations make
the CC two-stream model more accurate than the DB two-
stream model. In CCb a ‘surface reflection’ term was
introduced which calculated the Fresnel reflection from a
flat sheet of ice at the snow surface. However, the perfor-
mances of the two CC models were not compared with each
other in cither of these papers, so the effect of the hypotheti-
cal surface layer is not clear.

3. Wiscombe-Warren Model

The advances in modeling made by WW1 were to use Mie
scattering theory, which made the single-scattering calcula-
tions accurate at all wavelengths and for all grain sizes, and
to use the delta-Eddington approximation [Joseph et al.,
1976] to handle the anisotropic phase function, which al-
lowed the mode! to calculate albedo for any solar zenith
angle and for an arbitrary mix of diffuse and direct radiation.
The detailed measurements of visible spectral albedo by
Grenfell and Maykut [1977] further inspired WWII to adapt
their model to calculate the effect of absorptive impurities on
snow albedo.

The snowpack was modeled as ice spheres, and it is
argued by WWI why the effects of nonsphericity should be
small in relation to the effects of grain size variation. The
scattering and absorption of light by single ice spheres is
described by Mie theory. Mie calculations, even using the
fast algorithms of Wiscombe [1980], are extremely time
consuming for the larger snow grain sizes. However, for
these large grains (actually for any grains whose size param-
eter is x = 100, where x is the ratio of the circumference of
the sphere to the wavelength of light), asymptotic formulae
have been developed [Nussenzveig and Wiscombe, 1980]
which are sufficiently accurate and much faster than the Mie
calculations.

Mic theory assumes that the particles behave as isolated
scatterers. If they are not sufficiently separated, then near-
ficld effects will be observed that are not predicted by Mie
theory. WWI examined this question in their section 7 and
concluded that the near-field effects are probably negligible
for snow in the solar spectrum. They become important at
longer wavelengths, and a criterion for estimating them is
described below in section ES.

The single-scattering quantities Q.x, @, and g at a particu-
lar wavelength are functions of the complex refractive index
m and the effective snow grain radius r. (This is the area-
weighted mean radius, which is always larger than the
number-weighted mean radius.) These single-scattering
quantities become the input to a multiple-scattering model.
A logical mode! for snow albedo is the delta-Eddington
method, becuu:s it can adequately handle the extreme
asymmetry of scattering by ice particles in snow, in which a
farge fraction of the scattered light is only slightly deflected.
The delta-Eddington method is designed to be efficient and
accurate for calculating radiant fluxes,

The model can also be used to calculate snow infrared
emissivity as described below in section M.

The wavelength dependence of snow albedo is controlled
by the variation with wavelength of the absorption coeffi-
cient of ice xA\). Within that conatraint the model shows that

snow spectral albedo is highly sensitive to grain size and
moderately sensitive to solar zenith angle and, in the visible
wavclengths only, to trace amounts of absorptive impurities.
The principal results of the model are summarized in the
appropriate sections below,

4. Choudhury-Chang Model

Choudhury and Chgng [1981] (hereafier CC81) and
Choudhury {1981) have now abandoned the two-strecam
approach in favor of the delta-Eddington method. (Dozier et
al. [1981] have shown that although not obvious, equation
(28) of CCB8! is indeed equivalent to equation (4) of WWI.
This is the special case of iicct incidence on a semi-infinite
snowpack, where a,” is a function of only the three parame-
ters @, g, and po.)

Instead of doing Mie calculations, CC8! used the Sagan-
Pollack approximation for & mentioned above and a param-
eterization for g which they devised to mimic some pub-
lished results from Mie theory. However, these
approximations are quite good at mimicking the Mie results,
at least for the larger grain sizes. Thus the spectral albedo
calculations of CC81 would be nearly identical to those of
WWI, except for the use by CC81 of a special ‘surface
reflection’ term. This feature of the CC81 model has been
criticized by Warren and Wiscombe [1981], who think that
CC81’s special accounting of surface reflection is unneces-
sary for ordinary snow in the solar spectrum. Warren and
Wiscombe's main points are as follows: (1) The nature of the
interaction of electromagnetic radiation with a snowpack
depends on the ratio d/A, where d is the inteiparticle (center
to center) separation; snow does exhibit a ‘surface’ to radio
waves but not to sunlight. (2) Even if one does want to
include a surface reflection treatment for special situations
that would require it, it is formulated incorrectly by CC81.
(3) The reason for introducing surface reflection, namely, to
match wavelength-integrated albedo observations, is insuffi-
cient, because the model-measurement discrepancy could in
this case be due to errors in the atmospheric radiation model
instead of the snow albedo model.

There is also no need to invoke a special surface reflection
to explain the enhanced specular reflection peak at low sun
angle. The explanation for specular reflection in terms of
standard single-scattering and multiple-scattering theory is
included below in the section on zenith angle dependence
(section J).

Although CC81’s use of a surface reflection term for a
homogeneous snowpack of small, randomly oriented grains
seem. inappropriate, such a scparate modeling of surface
reflection could indeed be required for a highly nonrandom
suriace, in particular for the case of glazed crust, or ‘firn-
spicgel' [LaChapelle, 1969, Figures 59 and 60).

5. Neglected Effects

a. Near-field effecis. Because snow particles are close-
ly packed, they may be in each other’s ‘near field,” meaning
that Mie scattering theory is inapplicable, The problem of
near-field interference was mentioned by BB, who cited
experiments by Blevin and Brown [1961] on the density
dependence of the albedo of pigments as evidence that near-
field effects would be unimportant for - “wof p, <045 ¢
cm™3, But in these experimeats, r = \; it is likely that near-
field effects can be ignored in snow up to considerably higher



